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Abstract 



o 

O, 

I I We apply an efficient selection method to identify potential weak Very Long Baseline Interferometry 

i (VLBI) target quasars simply using optical (SDSS) and low-resolution radio (FIRST) catalogue data. Our 

search is restricted to within 12' from known compact radio sources that are detectable as phase-reference 



calibrators for ASTRO-G at 8.4 GHz frequency. These calibrators have estimated correlated flux density 
> 20 mjy on the longest ground-space VLBI baselines. The search radius corresponds to the primary beam 
size of the ASTRO-G antenna. We show that ~20 quasars with at least mJy-level expected flux density 
O ' can be pre-selected as potential in-beam phase-reference targets for ASTRO-G at 8.4 GHz frequency. Most 

of them have never been imaged with VLBI. The sample of these dominantly weak sources offers a good 
^ I opportunity to study their radio structures with unprecedented angular resolution provided by Space VLBI. 

The method of in-beam phase-referencing is independent from the ability of the orbiting radio telescope 
to do rapid position-switching manoeuvres between the calibrators and the nearby reference sources, and 
less sensitive to the satellite orbit determination uncertainties. 
^ , Key words: techniques: interferometric — instrumentation: high angular resolution — radio contin- 

■ uum: galaxies — galaxies: quasars: general — surveys 

, 1. Introduction 8.4 GHz). In this scenario, the ground-based part of 

the SVLBI network performs the usual reference-target 
' Phase-referencing is a way to increase the sensitivity switching cycles, while the space antenna remains pointed 
. of the Space Very Long Baseline Interferometry (SVLBI) to the same celestial point. (The diameters of the ground- 
observations that provide extremely high angular resolu- based VLBI antennas are at least a factor of ~ 3 larger, 
tion due to the baselines exceeding the Earth diameter, and thus their primary beam sizes are considerably smaller 

■ Phase-reference imaging in ground-based VLBI is usually than that of the orbiting antenna.) 

JH , done in cycles of interleaving observations between a weak Even though the ASTRO-G satellite is being designed 

target source and a nearby strong reference source. Delay, to be able to perform rapid position-switching manoeu- 

delay-rate and phase solutions obtained for the phase- vres between the calibrators and the reference sources, 

reference calibrator are interpolated and applied for the investigating the in-beam phase-referencing possibilities 

target source within the atmospheric coherence time, thus could still be beneficial. Such observations can be done 

increasing the coherent integration time on the weak tar- even if the spacecraft orbit reconstruction error is as high 

get source. as several meters (Guirado et al. 2001). In-beam phase- 

Unlike the first dedicated SVLBI satellite HALCA referencing saves the on-board resources of the satellite 

(Hirabayashi et al. 2000), the next-generation satellite and thus, in general, may help maintaining its observing 

ASTRO-G will be capable of rapid attitude changing ma- capabilities for a longer period of time. Should the regular 

noeuvres. This, and the accurate orbit determination phase-referencing observations become difficult or impos- 

will allow us to observe suitable nearby reference-target sible for some technical reason (e.g. the eventual failure of 

source pairs in the traditional "nodding" style (Asaki et a control momentum gyro towards the end of the satellite 

al. 2007). There is another, technically less demanding lifetime), the in-beam method would still be possible to 

method which docs not require rapid changes in the space use. 

antenna pointing if the reference-target separation is so Successful in-beam phase-referencing experiments have 

small that both sources are within the primary beam already been conducted with HALCA which could not 

of the 9.3-m ASTRO-G paraboloid antenna (~ 12' at quickly change its antenna pointing (Porcas & Rioja 2000; 



Bartel & Bietenholz 2000; Porcas et al. 2000; Guirado et 
al. 2001). However, the use of in-beam phase-referencing 
is severely limited by the small number of sufficiently close 
source pairs known in the sky. Generally speaking, for any 
given target source of interest, it is very unlikely to find 
a suitable phase-reference calibrator within the primary 
beam of even the relatively small-diameter space antenna. 

One may reverse the usual logic and select the phase- 
reference calibrator sources first. Then it becomes possible 
to look for potential weak target sources that are located 
so close to one of the reference sources that in-bcam phase- 
referencing observations with the orbiting antenna arc fea- 
sible. A recent experience with the Deep Extragalactic 
VLBI-Optical Survey (Mosoni et al. 2006; Frey et al. 2008, 
DEVOS) has shown that a large fraction (85%) of the ob- 
jects that are unresolved at arcsecond scales in the radio 
as well as optically identified with quasars are detected 
with phase-referenced ground-based VLBI observations at 
5 GHz. A similar conclusion was reached by Bourda et al. 
(2008) who observed a sample of nearly 450 optically and 
radio-selected quasars with the European VLBI Network 
(EVN) at 2.3 and 8.4 GHz, in order to density the radio 
reference frame. They report a VLBI detection rate of 
- 90%. 

Building upon these results, here we apply the DEVOS 
selection scheme and show that as many as ^20 quasars 
with at least mJy-level expected flux density can be pre- 
selected as potential in-beam phase-reference targets for 
ASTRO-G. This prospective sample may be large enough 
for a comparison of sub-milliarcsecond radio structures of 
weaker sources with those of brighter ones. Such a sample, 
most of which have never been studied with VLBI, would 
certainly contain individually interesting radio quasars as 
well. The suitability of the candidate sources could be 
verified with ground-based VLBI observations prior to the 
launch of ASTRO-G. 

2. Sample selection 

Potential phase-reference sources are easily found in 
the most complete and up-to-date source catalogue main- 
tained by the NASA Goddard Space Fhght Center 
(GSFC) VLBI group. The version we used here is 
2008a_astro (Pctrov 2008) which incorporates the Very 
Long Baseline Array (VLBA) Calibrator Survey (VCS) 
sources (Beasley et al. 2002; Fomalont et al. 2003; Petrov 
et al. 2005; Petrov et al. 2006; Kovalev et al. 2007; Petrov 
et al. 2008). To pick up the compact and bright objects 
that are most likely to give good signal-to-noise ratio with 
SVLBI, we estimated the 8.4-GHz correlated flux densities 
on the the longest possible SVLBI baselines to ASTRO-G 
(25 000 km). This was done by fitting a single circular 
Gaussian brightness distribution model to the source vis- 
ibility data. The Difmap program (Shepherd et al. 1994) 
was used for obtaining the fitted model component to- 
tal flux density 5*0 and angular size 9 (full width at half 
maximum, FWHM). The correlated flux density is 
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where B is the baseline length (25 000 km) expressed in 
the unit of the wavelength (3.6 cm) (Pearson 1995). Based 
on the 5-GHz VSOP Survey data, Horiuchi et al. (2004) 
found that a "typical" compact radio-loud active galactic 
nucleus contains 40 % of its total flux density in sub-mas 
compact components. Since we used ground-only (VLBA) 
data to infer the source structures, our fitted sizes are 
likely overestimated, and thus the correlated flux densities 
on the longest ground-space baselines are underestimated. 

The expected fringe detection limit on the SVLBI base- 
lines to ASTRO-G was determined by estimating the base- 
line sensitivity 



1 SEFD1SEFD2 



2l\vt 
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where 77 is the efficiency factor, SEFDi and SEFD2 
are the system equivalent flux densities of the space and 
ground antenna, respectively, Az/ is the bandwidth and t 
is the coherent integration time (Walker 1995). Assuming 
rj ~ 0.88 (2-bit sampling), the b-a fringe detection limit 
using i = 3 min integration on a baseline between a 
25-m VLBA antenna and ASTRO-G is 26 mJy. For 
ASTRO-G, we appied the nominal SEFDi = 6100 Jy and 
Aiy = 256 MHz (Tsuboi 2008). The typical zenith system 
equivalent flux density at 8.4 GHz for a VLBA antenna is 
SEFD2 = 307 Jy (Ulvestad 2008). 

We kept sources in the list of our potential phase- 
reference calibrators with Sc > 20 mJy. The fringe de- 
tection limit could actually be improved by up to a fac- 
tor of ~ 4 by using more sensitive ground radio tele- 
scopes available at present. More than 760 sources passed 
this filtering, at least at one of the observing epochs for 
which VLBA visibility data were available for model fit- 
ting. These are actually the potential calibrator sources 
available in the sky (mainly north of about —45° declin- 
tion), that could be detected by ASTRO-G at 8.4 GHz 
within 3 min integration. Note that the flux density and 
angular size of the sources may vary over the time scale 
of a few years or shorter. 

The next step was to look for other objects within 12' 
of the positions of each potential reference source. This 
angular separation equals to the primary beam size (half- 
power beam width, HPBW) of the ASTRO-G antenna at 
8.4 GHz. In other words, the reference sources and the 
targets - if found at all - lie within this beam. Note that 
for source separations nearly as large as the HPBW, the 
space antenna has to be pointed between the reference and 
target positions. Both sources are placed at around the 
half-power point which reduces the signal-to-noise ratio 
by about 30%. 

The search was performed in the Sloan Digital Sky 
Survey (SDSS) Data Release 6 (DR6) data base^ 
(Adelman-McCarthy et al. 2008). The choice of an op- 
tical catalogue is justifled by our experience with the 
DEVOS (Mosoni et al. 2006; Frey et al. 2008). It has 
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been shown that 85% of the SDSS optical quasars (i.e. 
extragalaxtic objects with stellar appearance) that coin- 
cide with an unresolved (< 5" fitted angular size) and 
"strong" (> 20 mJy integral flux density) radio source in 
the Very Large Array (VLA) Faint Images of the Radio 
Sky at Twenty-centimeters (FIRST) Survey list^ (White 
et al. 1997) are detected with phase-referenced ground- 
based VLBI at 5 GHz. Therefore the cross-comparison of 
the SDSS and FIRST lists provides us with an efficient 
tool to pick up potential VLBI target sources at cm wave- 
lengths, with at least mJy-level correlated flux densities. 
These sources have optical magnitudes readily available 
from SDSS. 

3. Results and discussion 

We found a total of 23 potential in-beam phase- 
reference target objects (quasars) which are unresolved 
both in the optical and in the radio with the VLA in 
FIRST. These are located around 20 different phase- 
reference calibrators. The complete list of the phase- 
reference sources together with the corresponding SVLBI 
targets is given in Table 1. We list the names and the ac- 
curate coordinates of each reference source, along with the 
estimates of correlated flux density Sc (last column; the 
maximum value is given where more epochs were avail- 
able). In the next line(s), for the target source(s) we give 
FIRST integral flux density at 1.4 GHz and total flux den- 
sity at 4.85 GHz from the GB6 catalogue (Gregory et al. 
1996) for the sources in the northern hemisphere where 
available. These two flux density values together are use- 
ful to infer the radio spectral index of the target sources 
in the few-GHz range. Note that the GB6 detection limit 
is ~ 18 mJy and therefore the spectral information is in- 
complete. We also list SDSS r optical magnitude and 
spectroscopic redshift where available. For easy reference, 
the unique SDSS object identifiers are also provided in the 
last column of Table 1 . 

The majority of the objects we found have never been 
studied with mas-resolution radio imaging. Considering 
the DEVOS detection rate at 5 GHz (Frey et al. 2008), 
we estimate that a fairly large sample, about 20 such 
quasar-reference source pairs could be successfully tar- 
geted with in-beam phase-referenced SVLBI observations 
at the somewhat higher frequency of 8.4 GHz. One of the 
selected reference-target pairs (J1041+523A and B) has 
already been studied with VSOP (Porcas et al. 2000). 

Obviously many more similar pairs should exist in the 
sky. However, the SDSS and FIRST catalogues have a 
limited sky coverage therefore our straightforward pre- 
selection method cannot be applied to identify them. 
Among the potential bright and compact phase-reference 
sources we picked up, about 240 objects (32%) are found 
in the regions surveyed by FIRST. Extrapolating our suc- 
cess rate in finding nearby targets, another ~ 40 reference 
sources outside the FIRST and SDSS coverage area chould 
have weak VLBI target quasars within 12' angular sepa- 

^ http://sundog.stsci.edu 



ration. 

The main advantage of our method is its ease. It applies 
simple selection criteria on currently available catalogue 
data. The key point is the identification of the unresolved 
FIRST sources with optical quasars. This almost guaran- 
tees that a mas-scale radio component is present in the 
source ~ even though at a small fraction of the total fiux 
density in some cases (Frey et al. 2008). 

One could in principle look for possible target radio 
sources by imaging the close vicinity of the calibrator 
sources with e.g. the VLA. Even archival data could 
be used, since the majority of our calibrators have cer- 
tainly been observed at several epochs. However, with 
the VLA field of view at 8.4 GHz, it would require multi- 
ple pointings to image the whole area corresponding to the 
ASTRO-G primary beam. On the other hand, the angu- 
lar resolution at 8.4 GHz (0.24" - 8.4", depending on the 
array configuration) does not guarantee that the weaker 
nearby sources arc compact at the ^ 3 orders of magni- 
tude finer angular scales of SVLBI. Multi-frequency VLA 
observations would be needed to determine the radio spec- 
tral index of the objects found, and to select flat-spectrum 
sources that are most likely compact. Such a survey could 
bring potential target sources that are weaker than the 
FIRST detection limit (~ 1 mJy) but would require con- 
siderable data reduction efforts. 

Our DEVOS-based selection method could obviously 
be applied with any feasible calibrator-target separation 
limit as well, providing potential targets for conventional 
(nodding-style) phase-referencing observations involving 
ASTRO-G. 

4. Conclusions 

We provide a list of prospective radio sources to be 
targeted with in-beam phase-referencing with the SVLBI 
satellite ASTRO-G. Nearly all of the 23 sources found can 
be studied at sub-mas angular resolution with SVLBI, 
even if they are weaker than the fringe detection limit. 
The close vicinity of the suitable phase-reference calibra- 
tors (within 12') guarantees that the space antenna point- 
ing can be kept fixed during the entire observing, while 
the ground-based VLBI antennas are regularly switching 
between the reference and target sources. This consider- 
ably simplifies the operation of the space radio telescope 
compared to the attitude-switching mode to be applied for 
"traditional" phase-referencing that involves more distant 
target-reference source pairs. 

The sample selection presented here is purely techni- 
cally driven. However, sources at ~ 1 — 10 mJy flux den- 
sity levels are still unexplored at the superior angular res- 
olution offered by SVLBI. Astrophysical applications of 
observing this sample may include individual studies of 
source structures. The number of accessible weak tar- 
get sources is quite large to allow some statistical inves- 
tigations of their sub-mas radio structures and brightness 
tcmpearatures. This could be compared with the results 
obtained for the brightest radio sources in e.g. the 5-GHz 
VSOP Survey (Dodson et al. 2008, and references therein). 
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The suitability of the selected sources for SVLBI imag- 
ing could be conveniently checked and verified by ground- 
based snaphshot VLBI experiments well before the launch 
of ASTRO-G. Prc-launch studies may include observa- 
tions at multiple frequencies to identify the most promis- 
ing target candidates. 

The perspectives for in-beam phase-referencing at 
higher ASTRO-G frequencies (22 and 43 GHz) seem much 
less promising. This is partly due to the smaller number of 
suitable strong phase-reference calibrators. On the other 
hand, at higher observing frequencies the primary beam 
size of the space antenna (4.'6 and 2.'3 HPBW at 22 GHz 
and 43 GHz, respectively) is proportionately smaller. For 
example, only 4 of our target-reference pairs listed in 
Table 1 would lie within the 22-GHz primary beam, even if 
they could qualify as suitable objects for phase-referenced 
SVLBI observations. 
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Table 1. The list of phase-reference cahbrator sources and the corresponding potential target sources within the primary beam of 
the ASTRO-G antenna at 8.4 GHz. 
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15 


42 


46 


.37 


+04 


51 


13, 


.9 


11, 


.9 


23 


.3 




19, 


.76 




587730022798655756 


J1549- 


f0237 


15 


49 


29, 


.43685 


+02 


37 


01, 


.1634 


















426 mJy 






15 


49 


09, 


.11 


+02 


38 


21, 


.2 


5, 


.3 


74, 


.9 




21, 


.64 




587729158448153314 






15 


50 


07, 


.07 


+02 


36 


07, 


.6 


9, 


.4 


75, 


.3 




20, 


.32 


2.37 


587729158448284044 


J1603- 


fl554 


16 


03 


38, 


.06238 


+ 15 


54 


02. 


.3590 


















98 mJy 






16 


03 


58, 


.23 


+ 15 


47 


36. 


.3 


8, 


.1 


45, 


.5 




20, 


.47 




587739827676054084 


J1635-h3808 


16 


35 


15, 


.49297 


+38 


08 


04, 


.5006 


















196 mJy 






16 


35 


41, 


.54 


+38 


07 


43, 


.3 


5, 


.1 


20, 


.5 




21, 


.42 




587733609628107409 


J1646-h4059 


16 


46 


56 


.85869 


+40 


59 


17, 


.1721 


















27 mJy 






16 


46 


04, 


.59 


+41 


03 


12. 


.2 


10. 


.6 


101 


.5 


28 


20, 


.15 




588007005269918175 






16 


46 


29, 


.99 


+40 


52 


03. 


.2 


8. 


.8 


43, 


.5 


24 


21, 


.51 




588007005270049620 



Notes for the reference sources: Col. 1 ~ source name; Col. 2 - J2000 right ascension (h m s); Col. 3 - J2000 
declination (° ' "); coordinates are taken from Petrov (2008); Col. 9 ~ best estimated 8.4-GHz correlated flux density 
on 25 000 km ground-space VLBI baselines 

Notes for the target sources: Col. 2 - J2000 right ascension (h m s); Col. 3 - J2000 declination (° ' "); coordinates 
are taken from the SDSS DR6; Col. 4 - reference-target angular separation ('); Col. 5 - FIRST integral flux density 
at 1.4 GHz; Col. 6 - GB6 total flux density at 4.85 GHz; Col. 7 - SDSS r magnitude; Col. 8 - SDSS spectroscopic 
redshift; Col. 9 - SDSS object identifier 



